We explore scenarios beyond the Standard Model where new colored scalar particles can be pair produced in hadron collisions. Using simplified models to describe the new field interactions with the Standard Model, we present precision predictions for the LHC by automatically matching next-toleading order matrix elements with parton showers within the MadGraph5 aMC@NLO framework. We illustrate in this way, for the first time in our field, the full automation of Monte Carlo event generation at the next-to-leading order accuracy in QCD for new physics theories with an extended colored sector, the sole inputs being the model Lagrangian and the process of interest.
Introduction -Motivated by the conceptual issues accompanying the Standard Model, many new physics theories have been developed over the last decades. Most of them exhibit an extended colored sector and related new phenomena are expected to be observable at high-energy hadron colliders such as the LHC. In particular, effects induced by hypothetical colored scalar particles have received special attention from both the ATLAS and CMS collaborations. Many LHC analyses are indeed seeking for the scalar partners of the Standard Model quarks (the squarks) and gluons (the sgluons) that are predicted, for instance, in minimal [1, 2] and non-minimal [3, 4] supersymmetric or in vector-like confining theories [5] .
We focus on two specific cases and revisit some LHC phenomenology associated with stops and sgluons in the context of simplified models of new physics [6, 7] . Employing state-of-the-art simulation techniques, we match matrix elements to the next-to-leading order (NLO) in QCD to parton showers and present precision predictions for several kinematical observables after considering both the production and the decay of the new particles. In more detail, we make use of the FeynRules package [8] to implement all possible couplings of the new fields to quarks and gluons and employ the NloCT program [9] to generate a UFO module [10] containing, in addition to tree-level model information, the ultraviolet and R 2 counterterms necessary whenever the loop integral numerators are computed in four dimensions, as in MadLoop [11] that uses the Ossola-PapadopoulosPittau (OPP) reduction formalism [12] . This UFO library is then linked to the MadGraph5 aMC@NLO framework [13] which is used, for the first time, for predictions in the context of new physics models featuring an extended colored sector. We focus on the pair production of the new states at NLO in QCD. Their decay is then taken into account separately, at the leading order (LO) and with the spin information retained, by means of the MadSpin [14] and MadWidth [15] programs.
In the rest of this paper, we first define simplified models describing stop and sgluon dynamics and detail the renormalization of the effective Lagrangians and the validation of the UFO models generated by NloCT. Our results follow and consist of total rates and differential distributions illustrating some kinematical properties of the produced new states and their decay products.
Benchmark scenarios for stop hadroproduction -Following a simplified model approach, we extend the Standard Model by a complex scalar field σ 3 (a stop) of mass m 3 . This field lies in the fundamental representation of SU (3) c , so that its strong interactions are standard and embedded into SU (3) c -covariant derivatives. We enable the stop to decay via a coupling to a single top quark and a gauge-singlet Majorana fermion χ of mass m χ that can be identified with a bino in complete supersymmetric models. Finally, despite of being allowed by gauge invariance, the single stop couplings to down-type quarks, as predicted in R-parity violating supersymmetry, are ignored for simplicity. We model all considered interactions by the Lagrangian
where we denote the strengths of the stop couplings to the fermion χ byg and P L,R are the left-and right-handed chirality projectors. Aiming to precision predictions at the NLO accuracy, a renormalization procedure is required in order to absorb all ultraviolet divergences yielded by virtual loopdiagrams. This is achieved through counterterms that are derived from the tree-level Lagrangian by replacing all bare fields (generically denoted by Ψ) and parameters (generically denoted by A) by
where the renormalization constants δZ are restricted in our case to QCD contributions at the first order in the strong coupling α s . Like in usual supersymmetric setups, theg couplings are of a non-QCD nature so that our simplified model does not feature new strong interactions involving quarks. The wave-function renormalization constant of the latter is therefore unchanged with respect to the Standard Model, contrary to the gluon one that must appropriately compensate stop-induced contributions. Adopting the on-shell renormalization scheme, the gluon and stop wave-function (δZ g and δZ σ3 ) and mass (δm 2 3 ) renormalization constants read
δZ σ3 = 0 and δm
where δZ
collects the Standard Model components of δZ g . Moreover, we denote the renormalization scale by µ R and following standard conventions, the ultraviolet divergent parts of the renormalization constants are written in terms of the quantity 1/ǭ = 1/ǫ − γ E + log 4π where γ E is the Euler-Mascheroni constant and ǫ is linked to the number of space-time dimensions D = 4 − 2ǫ.
The renormalization of the strong coupling is achieved by subtracting, at zero-momentum transfer, all heavy particle contributions from the gluon self-energy. This ensures that the running of α s solely originates from n f = 5 flavors of light quarks and gluons, and any effect induced by the massive top and stop fields is decoupled and absorbed in the renormalization constant of α s ,
All loop-calculations achieved in this work rely on the OPP formalism. It is based on the decomposition of any loop amplitude in both cut-constructible and rational elements, the latter being related to the ǫ-pieces of the loop-integral denominators (R 1 ) and numerators (R 2 ). For any renormalizable theory, there is a finite number of R 2 terms, and they all involve interactions with at most four external legs that can be seen as counterterms derived from the tree-level Lagrangian [16] . Considering corrections at the first order in QCD, the σ 3 -field induces three additional R 2 counterterms with respect to the Standard Model case,
where c i , µ i , and p i indicate the color index, Lorentz index, and the four-momentum of the i th particle incoming to the R ...i... 2 vertex, respectively. Moreover, the matrices T denote fundamental representation matrices of SU (3).
Contrary to complete supersymmetric scenarios, theg operators present a non-trivial one-loop ultraviolet behavior that is not compensated by effects of other fields such as gluinos. Since we focus on QCD NLO corrections to the strong production of a pair of σ 3 fields followed by their LO decays, the related counterterms are therefore omitted from this document.
Our Benchmark scenarios for sgluon hadroproduction -We construct a simplified model describing sgluon dynamics by supplementing the Standard Model with a real scalar field σ 8 (a sgluon) of mass m 8 lying in the adjoint representation of the QCD gauge group. Its strong interactions are described by gauge-covariant kinetic terms and we enable single sgluon couplings to quarks and gluons, like in complete models where such interactions are loopinduced. The corresponding effective Lagrangian reads
where G µν refers to the gluon field strength tensor and the single sgluon interaction strengths are denoted byĝ. Although theĝ operators induce single sgluon production, we ignore it in this work since the presence of a complete basis of dimension-five operators at tree-level is required to guarantee the cancellation, after renormalization, of all loop-induced ultraviolet divergences. We postpone the associated study to a future work.
Theĝ couplings being technically of higher-order in QCD (as in complete theories), the quark fields are renormalized like in the Standard Model. In contrast, the sgluon QCD interactions induce a modification of the onshell gluon wave-function renormalization constant δZ g and yield non-vanishing on-shell sgluon wave-function (δZ σ8 ) and mass (δm 
δZ σ8 = 0 and δm
Sgluon effects are also subtracted, at zero-momentum transfer, from the gluon self-energy and absorbed in the renormalization of the strong coupling,
They finally induce new R 2 counterterms,
in the same notations as in the previous section. We have implemented the sgluon simplified model in FeynRules and generated a UFO model that we have linked to MadGraph5 aMC@NLO by means of the NloCT package. The generated model has then been validated analytically against the above results. Our numerical study relies on benchmark scenarios inspired by an R-symmetric supersymmetric setup with non-minimal flavor violation in the squark sector [17] , in which the only non-vanishing coupling parameters are fixed tô
LHC phenomenology -In Tab. I, we provide stop and sgluon pair production cross sections for LHC collisions at center-of-mass energies of √ s = 8 and 13 TeV and for different mass choices. The results are evaluated both at the LO and NLO accuracy and presented together with the associated theoretical uncertainties. For the central values, we have fixed the renormalization and factorization scales to the stop/sgluon mass and used the NNPDF 2.3 parton distributions [18] . Scale uncertainties have been derived by varying both scales by a factor of two up and down, and the parton distribution uncertainties have been extracted from the cross section values spanned by the NNPDF density replica.
The results of Tab. I have been confronted to predictions obtained with the public packages Prospino [19] (stop pair production) and MadGolem [20] (sgluon pair production). Stop-pair total production rates have been found to agree at the level of the numerical integration error, while virtual and real contributions to sgluon-pair production are agreeing separately at the amplitude level. We have additionally performed independent calculations of the loop contributions based on FeynArts [21] , that we have found to agree with our predictions.
Realistic descriptions of LHC collisions require to match hard scattering matrix elements to a modeling of QCD environment. To this aim, we make use of the MC@NLO method [22] as implemented in MadGraph5 aMC@NLO. We match in this way the hard scattering process to the Pythia 8 parton showering and hadronization [23] , after employing the MadSpin and MadWidth programs to handle stop and sgluon decays. Jet reconstruction is then performed by means of the anti-k T algorithm with a radius parameter set to 0.4 [24] , as included in the FastJet program [25] , and events are finally analyzed with the MadAnalysis 5 package [26] . Normalizing the results to an integrated luminosity of 100 fb −1 , we present, in Fig. 1 , the distribution of a key observable for stop searches, namely the missing transverse energy. We show LO and NLO predictions for 13 TeV collisions as calculated by MadGraph5 aMC@NLO in the context of three benchmark scenarios for which (m 3 , m χ ) = (500, 50) GeV (red), (1000, 50) GeV (blue) and (500, 200) GeV (green).
Conclusions -In this Letter, we have demonstrated that a joint use of the FeynRules, NloCT and MadGraph5 aMC@NLO programs enables the full automation of the Monte Carlo simulations of high-energy physics collisions at the next-to-leading order accuracy in QCD and for non-trivial extensions of the Standard Model. This has been illustrated with simplified models such as those used for supersymmetry searches at the LHC. In this context, we have adopted setups that exhibit extra colored particles and non-usual interaction structures and presented the analysis of two exemplary signals with the automated tool MadAnalysis 5.
In the aim of an embedding within experimental software, we have designed a webpage, http://feynrules.irmp.ucl.ac.be/wiki/NLOModels where hundreds of differential distributions are available for validation purposes, together with the associated FeynRules and UFO models.
